GBAA_pXO1_0023 is not stably maintained in B. anthracis, whereas the full-size parent pXO1 plasmid (having 181,677 bp and 217 ORFs) is extremely stable under the same growth conditions. Two genetic tools developed for DNA manipulation in B. anthracis (Cre-loxP and Flp-FRT systems) were used to identify pXO1 regions important for plasmid stability. We localized a large segment of pXO1 that enables stable plasmid maintenance during vegetative growth. Further genetic analysis identified three genes that are necessary for pXO1 maintenance: amsP (GBAA_pXO1_0069), minP (GBAA_pXO1_0082), and sojP (GBAA_pXO1_0084). Analysis of conserved domains in the corresponding proteins indicated that only AmsP (activator of maintenance system of pXO1) is predicted to bind DNA, due to its strong helix-turn-helix domain. Two conserved domains were found in the 
T he large low-copy-number pXO1 plasmid (181.6 kb) of Bacillus anthracis encodes the anthrax toxin proteins and other virulence-related factors. Recently, we found that a pXO1 minireplicon (MR) plasmid including only open reading frames (ORFs) GBAA_pXO1_0020 to GBAA_pXO1_0023 is not stably maintained in B. anthracis, whereas the full-size parent pXO1 plasmid (having 181,677 bp and 217 ORFs) is extremely stable under the same growth conditions (1) . (In all following text, ORF and gene names will refer to the B. anthracis Ames "Ancestor" strain plasmid pXO1, NCBI reference sequence NC_007322.2, and are abbreviated with retention of 3 digits, so, e.g., GBAA_pXO1_0020 is rendered as ba020 or ORF 20) . The stability of low-copy-number plasmids is typically determined by maintenance systems encoded by the plasmid. The three principal mechanistic processes that may contribute to plasmid maintenance, as described in detail by Sengupta and Austin (2) , are plasmid multimer resolution, postsegregational killing of host bacteria, and plasmid partition and segregation.
Separation (or resolution) of plasmid multimers is required to maximize the number of individual plasmids available for segregation into daughter cells. Large plasmids usually contain a dedicated recombinase system consisting of a gene for a specific recombinase and a recombination site at which it acts. These sitespecific recombinases resolve dimers to produce separate circular monomers suitable for partition during cell segregation. Two families of recombinases have been described for various plasmid species: active-site tyrosine recombinases and active-site serine recombinases (3) . Postsegregational killing has been described for plasmids in both Gram-negative and Gram-positive bacteria. According to this mechanism, plasmid maintenance is attributed to the presence of toxin-antitoxin loci on the plasmids that lead to killing of daughter cells that fail to receive the plasmid. These toxin-antitoxin loci are categorized into two broad classes based on the type of antitoxin: the antitoxins of type I systems are small RNAs that base-pair with the toxin mRNA to prevent protein synthesis, whereas antitoxins of type II systems are proteins that bind to and inhibit the toxin proteins (4) . The recently discovered type III toxin-antitoxin systems encode protein toxins that are inhibited by pseudoknots of antitoxic RNA (5) .
Plasmid partitioning is a carefully regulated process that ensures that each daughter cell receives a copy of the genetic material. Nearly all low-copy-number plasmids appear to encode a specific partition system. There are three main mechanisms for bacterial plasmid DNA partition or segregation (6) : type I systems use a Walker box ATPase for plasmid partition, type II systems use actin-like ATPases, and type III systems use tubulin-like GTPases. In all cases, the systems require three components: an NTPase protein, which is thought to produce the movement required for partitioning (e.g., ParA); a partner protein, which binds to the DNA to be partitioned and regulates NTPase activity (e.g., ParB); and a parS centromere or region of the DNA which is bound by the partner protein. The two proteins required for partitioning are normally found encoded next to each other on the genome. The Walker A cytoskeletal P-loop ATPase system is the most common mechanism found in plasmid and chromosome segregation, and it is typified by the ParA/B system. Genes homologous to parA are also found outside ParA/B operons, not adjacent to a parB, and these are described as being components of orphan ParA systems. Orphan ParA proteins are involved in segregating cytoplasmic proteins and protein clusters and use nonspecific chromosomal DNA binding for the segregation (7) . Recently, Guynet and de la Cruz (8) presented evidence for an additional type of plasmid segregation mechanism, one not involving a plasmid-encoded motor protein and requiring only a plasmid-encoded DNA-binding protein. Plasmids with this type of segregation use the host chromosome as a carrier by an unknown mechanism.
Bacillus thuringiensis virulence plasmid pBtoxis (9) contains one of the most-studied partition systems of the large plasmids of the Bacillus cereus group. This plasmid has some similarities to pXO1 (1) . These plasmids encode the analogous proteins TubZ and RepX, which are reported to be required for replication of pBtoxis (TubZ) and pXO1 (RepX) (10, 11) . TubZ, a member of the tubulin-like GTPase superfamily, was shown to be involved along with an additional protein, TubR, in promoting stability of pBtoxis in B. thuringiensis (12) . Ni et al. (13) showed that TubR binds to a 48-bp centromeric tubC site of pBtoxis and also interacts with the flexible C-terminal region of TubZ, thus attaching the TubZ filament to the plasmid, providing a mechanism for plasmid movement and, ultimately, segregation. Alternatively, Aylett and Lowe (14) identified a new tubC site of pBtoxis comprising seven 6-bp direct repeats. Recently, Oliva et al. (15) described a Clostridium botulinum lysogenic phage c-st partition system that contains all components of a type III system (TubZ, TubR, and tubS) along with a conserved fourth component, TubY, which modulates the TubZ-TubR-TubS complex interaction. Interestingly, several differences are found between the pBtoxis and phage c-st type III partition systems and the putative pXO1 homologs: a tubY homolog on pXO1 is encoded in the reverse orientation from the repX (tubZ) and tubR genes, unlike the parallel organization in pBtoxis, arguing against cotranscription with the other genes; low identities were found for pXO1/pBtoxis genes tubZ (21%), tubR (19%), and tubY (26%), while no tubC site (14) was identified in the pXO1 genome.
Here we describe work to localize components of the maintenance system of B. anthracis plasmid pXO1. Two genetic tools developed for DNA manipulation in B. anthracis (the Cre-loxP [1] and Flp-FRT systems) were employed to delete pXO1 regions upstream and downstream of the minireplicon. The new Flp-FRT recombinase method was adapted from Saccharomyces cerevisiae (16) and used in B. anthracis in a manner analogous to that of the previously described Cre-loxP system (1) . FRT sites and the Flp recombinase gene were cloned into newly constructed plasmids pSCF and pFPAS, respectively. Because the two recombinases are specific for their respective loxP and FRT sites, each system can be used with target plasmids having residual sites produced by the alternative recombinase. Using these recombinases, we showed that a pXO1 region within ORFs 69 to 84 is important for plasmid maintenance. Further analysis of the region revealed three genes that are absolutely necessary for pXO1 maintenance: ba069, ba082, and ba084.
MATERIALS AND METHODS
Bacterial growth conditions and phenotypic characterization. E. coli strains were grown in Luria-Bertani (LB) broth and used as hosts for cloning. LB agar was used for selection of transformants (17) . B. anthracis as well as Bacillus cereus strains were also grown in LB medium. Antibiotics (Sigma-Aldrich, St. Louis, MO) were added to the medium when appropriate to give the following final concentrations: ampicillin (Ap), 100 g/ml (only for Escherichia coli); erythromycin (Em), 400 g/ml for E. coli and 10 g/ml for B. anthracis; spectinomycin (Sp), 150 g/ml for both E. coli and B. anthracis; and kanamycin (Km), 20 g/ml for B. anthracis. SOC medium (Quality Biologicals, Inc., Gaithersburg, MD) was used for outgrowth of transformation mixtures prior to plating on selective media to isolate transformants. DNA isolation and manipulation. Preparation of plasmid DNA from E. coli, transformation of E. coli, and recombinant DNA techniques were carried out by standard procedures (17) . E. coli SCS110 competent cells were purchased from Agilent Technologies (Santa Clara, CA) and E. coli TOP10 competent cells from Life Technologies (Grand Island, NY). Recombinant plasmid construction was carried out in E. coli TOP10. Plasmid DNA from B. anthracis was isolated according to the protocol for the purification of plasmid DNA from Bacillus subtilis (Qiagen, Germantown, MD). Chromosomal DNA from B. anthracis was isolated with the Wizard genomic purification kit (Promega, Madison, WI) in accordance with the protocol for isolation of genomic DNA from Gram-positive bacteria. B. anthracis was electroporated with unmethylated plasmid DNA isolated from E. coli SCS110 (lacking dam and dcm). Electroporation-competent B. anthracis cells were prepared and transformed as previously described (1) .
Restriction enzymes, T4 ligase, T4 DNA polymerase, and alkaline phosphatase were purchased from New England BioLabs (Ipswich, MA). The pGEM-T Easy vector system (Promega) was applied for PCR fragment cloning. Phusion High-Fidelity DNA polymerase from New England BioLabs was used for the fragment PCR. Ready-To-Go PCR beads (GE Healthcare UK Limited) were used for routine DNA rearrangement analysis as described previously (1) . All constructs were verified by DNA sequencing and/or restriction enzyme digestion. The oligonucleotides, plasmids, and strains used in this study are listed in Tables 1 to 3 , respectively.
Marking pXO1 with a kanamycin resistance gene. To allow convenient assessment of the stability of pXO1, a kanamycin resistance cassette (⍀-km) was inserted into pXO1, replacing ORF 22 by a double-crossover event. This was accomplished by amplifying a 2,136-bp region overlapping the ORF with the 22F/22R primers and cloning the DNA into pGEM-T Easy, producing pGEM22. The 2,258-bp SmaI fragment from pUC4-⍀KM2 containing the ⍀-km cassette was inserted in place of the AfeI fragment of the amplified pXO1 sequence in pGEM22, producing pGEM22⍀. The EcoRI fragment of pGEM22⍀, containing the pXO1 fragment with the internal ⍀-km, was then inserted into the EcoRI site of pHY304, producing pHY304K. The ⍀-km cassette from pHY304K was inserted into the homologous regions flanking ORF 22 by the doublecrossover method previously described (19) .
Construction of vectors for deletion analysis. Deletions in pXO1 were generated with the Cre-loxP system as previously described (1), employing plasmids we generically designate pSC, for single-crossover plasmid, together with pCrePAS for Cre recombinase production. We improved pCrePAS by combining the large SacI fragment of the plasmid with a SacI fragment of pUC18 (MBI Fermentas). The resulting plasmid, pCrePAS2, has permissive and restrictive temperatures of 30°C and 37°C for B. anthracis, respectively, and can be easily isolated from E. coli strains grown at 37°C. Both pSC and pCrePAS2 were used in accordance with the scheme presented in Fig. 1 of reference 1 .
A new Flp-FRT recombinase system based on the Flp recombinase of Saccharomyces cerevisiae was created for use in B. anthracis in a manner analogous to that of the Cre-loxP system described previously (1) . To create an analog of the pSC plasmid that we designated pSCF, we cut pHY304 (20) with Ecl136II and ligated this with a BstZ17I-restricted fragment of pMA-FRT, which contains a multiple-cloning site between two directly repeated FRT sequences, a ColE1 origin of replication, and an AmpR gene for selection in E. coli. The pMA-FRT plasmid was synthesized according to our design by GeneArt/Life Technologies (Grand Island, NY). The resulting pSCF provides a shuttle plasmid with all the characteristics of pSC, except that it contains repeats of the 48-bp FRT sequence instead of loxP. All of the endonuclease restriction sites located between the two direct FRT sequences are unique restriction sites (PvuII, XhoI, SalI, ClaI, HindIII, EcoRV, EcoRI, PstI, SmaI, BamHI, SpeI, SacII, and SacI) (see Fig. S1 in the supplemental material). To create an analog of the pCrePAS plasmid that we designated pFPAS, we purchased plasmid pFLPo from Addgene (Cambridge, MA; plasmid 13792) and amplified the flp gene by PCR with FlpF/FlpR primers to insert the gene into the NdeI/XmaI sites under the control of the pagA promoter of the pSW4 plasmid (21) . The resulting pSW4-Flp plasmid was cut with BstZ17I/SnaBI. The larger BstZ17I/SnaBI fragment of pSW4-Flp containing the ColE1origin of replication, the AmpR gene for selection in E. coli, and the flp gene under the control of the pagA promoter was inserted into pCrePAS cut with PvuII. The resulting pFPAS plasmid provides a shuttle plasmid with all the characteristics of pCrePAS2 described in the previous paragraph but containing the flp gene instead of the cre gene. Plasmid construction for pXO1 maintenance system search and analysis. Deletion variants of pXO1 were created in vivo (within B. anthracis) to identify regions important for plasmid maintenance. To produce the deletion [⌬ (29 -190) ] that covers ORFs 29 to 190 ( Fig. 1) , we cloned two fragments amplified with primers 26FS/29RX (left fragment) and 190F/191R (right fragment) into the pSC vector; both fragments, as well as other fragments, were used according to the Cre-loxP system described previously (1) . To produce the deletion [⌬(29 -133)] that covers ORFs 29 to 133, two fragments amplified with primers 26FX/29RS (left fragment) and 133F/137R (right fragment) were cloned into pSC. Four more deletions created with the Cre-loxP system were located to the left (lower ORF numbers) side of the pXO1 minireplicon region: ⌬(137-17) (primers 133F/137R for the left fragment and 17F/18R for the right fragment), ⌬(89 -17) (primers 86F/87R for the left fragment and 17F/18R for the right fragment), ⌬(85-19) (primers 84F/85R for the left fragment and The newly constructed Flp-FRT system was used for deletion of an internal area of the pXO1⌬(85-19) plasmid. To produce the deletion [⌬(26 -68)] that covers ORFs 26 to 68, two fragments amplified with primers 25F/26R (left fragment) and 68F/69R (right fragment) were cloned into the pSCF vector. Both fragments, as well as other fragments cloned into pSCF, were used according to Flp-FRT system described in the previous section. The FRT site replacing the deleted area was oriented clockwise in the resulting ⌬(85-19) ⌬(26 -68) plasmid. To delete ORF 69 or ORF 84 from the ⌬(85-19) ⌬(26 -68) plasmid, two fragments were amplified with primers 69F/71R or 83F/83R, respectively, and inserted into pSCF. In both cases, the clockwise orientation of the FRT site was saved. All deletions created with Flp-FRT system are indicated in Fig. 2A .
Direct cloning into the pMR plasmid was used to identify genes involved in pXO1 maintenance (other than ORF 69 or ORF 84). For this purpose, a fragment of 6,000 bp was amplified from pXO1 using Phusion High-Fidelity DNA polymerase (New England BioLabs, Ipswich, MA) and the 80F/87R primer pair. The fragment was inserted into the PvuI site of pMR to produce pMR8186. To eliminate ORF 85, the HpaI fragment was deleted from pMR8186 to produce pMR8184. The fragment containing ORFs 69 and 70 was amplified with the 68F/70R primer pair and inserted into the PvuI site of pMR8184 to produce pMR6970. The fragment containing both ORF 25 and a stem-loop was lost as a result of the small HpaI fragment deletion and was restored after insertion of the EcoRV/SacI fragment amplified with the 23F/24R primer pair into the single HpaI site of pMR6970. The resulting plasmid, pMS10, was cut with either Bsu36I or NaeI/SalI. The sticky ends were filled with corresponding deoxynucleotides by T4 polymerase according to the New England BioLabs protocol for blunting ends by the filling in of 5= overhangs. The blunt ends of each fragment containing the pXO1 minireplicon were ligated to produce either pMS10⌬Bsu36I or pMS10⌬NaeI/SalI. To produce pMS11 and pMS12, the small NaeI/SalI fragment of pMS10 was replaced with either the NaeI/SalI fragment of the PCR product amplified with 82F/83R primers (pMS11) or the NaeI/SalI fragment of the PCR product amplified with 81F/82R primers (pMS12). To produce pMS13, the Bsu36I/NaeI fragment of pMS12 was deleted.
Segregational stability assay. Plasmid pXO1 has a copy number of approximately three (22, 23) , so the short (27-min) doubling time of the bacteria leads to rapid loss of pXO1 in the absence of a partition system. The stabilities of pXO1 and its Km r derivatives were determined using methods described previously (1), with slight modification. The B. anthracis strains containing plasmids were grown on LB agar with the corresponding antibiotic to obtain separated colonies. The separated colonies were spread on LB agar as a strip (approximately 3 by 20 mm). Twelve passages on nonselective LB agar were performed from the strips at 12-h intervals. After each passage, bacteria were diluted in phosphate-buffered saline (Quality Biologicals, Inc., Gaithersburg, MD) and titrated, and aliquots were plated on agar with and without antibiotic to determine the percentage of cells retaining the plasmid.
DNA sequencing and protein bioinformatic analyses. Plasmid DNAs were sequenced using primers listed in Table 1 . Primers for sequencing were synthesized by Integrated DNA Technologies, Inc., Coralville, IA. Sequences were determined using a primer walking strategy (Macrogen, Rockville, MD). Sequence data were assembled using either the Clustal module of the GCG-Lite suite of sequence analysis program (http://helixweb.nih.gov/emboss-lite/) or Vector NTI software (Invitrogen). The National Center for Biotechnology Information (NCBI) BLAST and FASTA programs (http://www.ncbi.nlm.nih.gov) were used for homology searches in GenBank and nonredundant protein sequence databases. The Pfam database (http://pfam.sanger.ac.uk) was used for alignment to ORF 82. Repeat Finder and RepeatAround (24) software was used to locate direct repeats (DRs) and inverted repeats (IRs). Predicted protein motifs were analyzed using SignalP software version 3.0 for prediction of signal sequences (http://www.cbs.dtu.dk/services/SignalP), TMpred software for prediction of transmembrane regions and orientation (http://www.ch.embnet.org/software/TMPRED_form.html), NPS@ software (http://npsa-pbil.ibcp.fr) for helix-turn-helix (H-T-H) prediction, and Meta-Server for protein domain searches (http://prodata .swmed.edu/MESSA/).
RESULTS
Cre-loxP-generated deletions identify pXO1 regions responsible for plasmid maintenance. The Cre-loxP system was used to create a number of large deletions of various regions of pXO1 (Fig.  1A) . The largest deletion removed genes corresponding to ORFs 29 to 190 [⌬ (29 -190) ]. This region includes two prominent features, a putative type III plasmid partition system (PPS; ORFs 67 to 69) and a region designated a pathogenicity island (PAI; ORFs 131 to 194) (Fig. 1A and B) . The PPS contains the tubZ-tubR-tubY gene cluster, whereas the PAI contains the anthrax toxin genes within a 44.8-kb segment defined by terminal inverted IS1627 elements. The PAI is inverted in some strains (18, 25, 26) . Confirmation of this deletion (along with other deletions created by the Cre-loxP system) is provided in Fig. 1C , which shows the results of a PCR that was performed with primers flanking the deleted regions. Sequencing the PCR products confirmed replacement of the deleted areas with the loxP site (data not shown). The Ames 35K ⌬(29 -190) strain containing pXO1 with this deletion lost this plasmid upon repeated passage (Fig. 1D) , indicating that the deleted region contained at least one gene or sequence important for pXO1 stability.
The next large pXO1 deletion, which removed ORFs 29 to 133 [⌬(29 -133)], also greatly decreased plasmid stability (Fig. 1D) , indicating that the deleted region is important for stability, consistent with a requirement for the type III PPS genes. This suggestion was supported by the behavior of the ⌬(137-17) strain, which is almost the complement of the ⌬(29 -133) strain (Fig. 1B) . The ⌬(137-17) strain contained the type III PPS genes and was stably maintained (Fig. 1E) . Several subsequent deletions indicated in Fig. 1B resulted in strain Ames 35K ⌬(85-19), which stably maintained the corresponding deletion mutant plasmid during 12 passages on media without kanamycin. The final deletion indicated in Fig. 1B produced strain Ames 35K ⌬(79 -17), which rapidly lost the pXO1⌬(79 -17) variant although the type III PPS was present (Fig.  1E ). This observation led us to conclude that features important for pXO1 maintenance are located within the area of ORFs 80 to 84.
FIG 1
Effects of large deletions within pXO1 on plasmid stability. (A) The pXO1 structure with the minireplicon (MR), type III plasmid partition system (type III PPS), and pathogenicity island (PAI) indicated. The MR structure is adopted from reference 1 and shown with the ⍀-km cassette inserted into pXO1 GBAA_pXO1_0022 to produce pXO1K. The type III PPS structure is adopted from reference 15 and includes the newly described tubY gene, important for functionality of the type III PPS. The PAI structure with indication of IS1627 insertion sequences and B. anthracis toxin components was prepared according to the complete sequence of Ames Ancestor plasmid pXO1 (NCBI reference sequence NC_007322.2). The numbers located below and on both sides of pXO1 represent nucleotide numbers in the complete sequence. The GBAA_pXO1_ symbols along the top of pXO1 and along the bottom line are locus tag numbers for the Ames Ancestor plasmid pXO1. The pXO1 regions deleted in each construct are shown in parentheses following the Greek letter delta (the numbers are for the ORFs of the area deleted). Orientations of loxP sites that replaced the deleted region are indicated by arrows. The numbers located below the deletions (dashed lines) are the first and last base pairs included in the deletions. To determine whether the five-ORF region just described is sufficient to confer stability, we cloned into pMR a fragment extending from the end of ORF 80 to the end of ORF 87. The resulting plasmid, pMR8186 (described more fully in Fig. 3) , was used to transform the Ames 33 strain, and the stability of the plasmid was compared with that of pMR. The pMR8186 plasmid had the same low stability as the pMR plasmid (data not shown). This demonstrated that the cloned region does not contain the entire maintenance system, and plasmid maintenance requires additional factors located elsewhere on pXO1, probably in the area between ORFs 23 and 79. Because not all plasmids containing a loxP site can be further deleted in a controlled manner by the Cre-loxP approach, we developed a parallel system for doing deletions using the Flp recombinase, as described in Materials and Methods.
Sequential Cre-loxP-and Flp-FRT-generated deletions identify two noncontiguous pXO1 genes important for plasmid maintenance. Results from sequential Cre-loxP-and Flp-FRTgenerated deletions are shown in Fig. 2A . Primer pairs 25F/26R and 68F/69R were used for amplification of fragments used to produce an internal deletion in pXO1⌬(85-19) that included ORFs 26 to 68. The resulting plasmid, pXO1⌬(85-19) ⌬(26 -68), was retained upon repeated passage (Fig. 2B) , showing it retained all components important for plasmid partition. A physical map of the plasmid pXO1⌬(85-19) ⌬(26 -68) is shown in Fig. 2C , and nucleotide sequences of the single loxP and FRT sites within the plasmid were confirmed as shown in Fig. 2D .
To identify regions of pXO1⌬(85-19) ⌬(26 -68) needed for maintenance, additional deletions were created and analyzed. Extending the large deletion to include an additional gene at each end, either ba069 or ba084 ( Fig. 2A) , greatly decreased plasmid stability (Fig. 2B) . This key result showed that the DNA segments corresponding to ORFs 69 and 84 are important for plasmid stability.
Inferences regarding the roles of ORFs 69 and 84 were made by sequence comparisons. Analysis of conserved domains in ORF 84 (http://www.ncbi.nlm.nih.gov) indicated that the protein resembles the B. subtilis Soj protein, a defining member of the ParA family of ATPases involved in plasmid/chromosome partitioning. This protein contains a putative Walker box, indicating its possible role in pXO1 partitioning. Analysis of ORF 69 predicts that it is a DNA-binding protein, one with a strong H-T-H motif. The presence of the H-T-H motif indicates that this protein could play the role of ParB in pXO1 partitioning. The current annotation of ORF 69 as encoding a transcriptional regulator belonging to the MerR superfamily, rather than as a ParB family member, probably derives from its putative DNA-binding activity. It is interesting that all other proteins encoded within the area from ORFs 69 to 84 of the B. anthracis Ames Ancestor strain plasmid pXO1 (NCBI reference sequence NC_007322.2) are annotated only as hypothetical proteins, with the exception of the ORF 79 protein, which is identified as a "surface layer protein." Sequence analyses to search for candidate DNA elements important for plasmid partition. Type I partition systems typically include a centromere-like parS1 site. It is interesting that a possible parS1* (asterisk indicates an imperfect parS1 palindrome) site is located 136 bp upstream of ORF 84 (Fig. 2C) . This site is imperfect in having two discrepancies from the consensus parS1 (27) , specifically C instead of G in position 9 and transversion of AC in positions 13 and 14: TGTTTCACCTGAACAA (parS1*) versus TGTTTCACGTGAAACA (parS1). We also searched upstream of ORF 84 for adjacent direct repeats (DRs) that could play the role of alternative cis-acting centromere sites (28) . While no adjacent DRs were found, there are noncontiguous DRs of 16 bp (AGGTG TGTCCTTTTTT) and 17 bp (ATATAATATAAAAATAA) within ORFs 69 to 84. The 16-bp DRs flank the region from ORFs 80 to 82, and the 17-bp DRs flank the region from ORFs 72 to 79, as shown in Fig. 2C .
Creation of a small, stable recombinant plasmid. While the deletion analyses described above identified ORFs 69 and 84 as important for maintenance, they did not exclude that additional factors are required. To facilitate analysis of the region between these two genes, we directly cloned several fragments into a pMR plasmid to assess their roles. This cloning began with plasmid pMR8186, mentioned above, which contains pMR connected with the segment from ORFs 81 to 87 (Fig. 3A) . First, we deleted the HpaI fragment containing ORFs 85 to 87 along with the essential stem-loop of the minireplicon (see Fig. 4 of reference 1) . The resulting plasmid, pMR8184, therefore lost the ability to transform B. anthracis due to the loss of the minireplicon function. The unique PvuI site to the left of ORF 83 of the pMR8184 plasmid was used for the insertion of a PvuI fragment amplified with the 68F/ 69R primer pair so as to contain ORFs 69 and 70. Subsequently, the unique HpaI site of the resulting pMR6984 plasmid (not shown) was used for insertion of an EcoRV/SacI fragment amplified from pMR with the 23F/24R primer pair. The final pMS10 construct (Fig. 3A) contained ORFs 69 and 70, ORFs 81 to 85, and the restored minireplicon region. A plasmid stability test demonstrated that pMS10 is stably maintained in B. anthracis cells (Fig. 3B) .
To further define the role of the pMS10 internal region including ORFs 70 to 83, we separately deleted the Bsu36I and NaeI/SalI fragments from the pMS internal region. Both resulting plasmids, pMS10⌬ Bsu36I and pMS10⌬ NaeI/SalI, lost stability in B. anthracis Ames 33 (Fig. 3B) . Because the two deletions overlap at ORFs 81 and 82, we analyzed this region further.
ORF 82 is important for pMS10 stability. We noted stem-loop structures (SLS) of 67 bp and 45 bp in the region of ORFs 81 and 82 and considered whether they might play a role (Fig. 4A) . The larger SLS is located within ORF 82 and the smaller in the intergenic region between ORFs 82 and 83. The 45-bp SLS contains an internal Bsu36I site. To delete each of the SLS separately, we cut out the pMS10 NaeI/SalI fragment and replaced it with fragments containing either the 67-bp or the 45-bp SLS, as described in Materials and Methods (Fig. 4A) . The resulting pMS11 and pMS12 plasmids were electroporated into B. anthracis strain Ames 33, in which it was found that the pMS12 plasmid was completely retained in B. anthracis during 12 passages without selective pressure, while pMS11 was lost under the same conditions (Fig. 4B) . This result demonstrated that the region from ORFs 70 to 81 is not sufficient to maintain these pMS plasmids in B. anthracis. Furthermore, the 45-bp SLS and ORF 83 pseudogene are not necessary for plasmid stability. On the other hand, the ORF 82 region is important to retain pMS10 in B. anthracis cells.
It is interesting that ba082 contains five transcriptional start sites (Fig. 5A ) and is located between two large operons that are transcribed in the orientation opposite that of this gene (29) . We also found a putative A -dependent promoter located upstream of ORF 82 and two additional translational start codons encoded in the same reading frame as the start codon identified in the Ames Ancestor plasmid pXO1 annotation (NCBI reference sequence NC_007322.2). The variety of transcriptional and translational start sites could be indicative of a complex pattern of ba082 regulation.
To clarify the role of ORF 82 in pXO1 maintenance, we analyzed the sequence of the corresponding hypothetical protein (76 amino acids [aa]) using MESSA software (30) . Two conserved domains were found in the protein sequence (Fig. 5B ). The N-terminal part of the sequence (aa 9 to 47) resembles the B. anthracis septum site-determining protein MinD, with 13 of 42 residues being identical and 23 being either identical or of a similar type. The C-terminal part of the 76-aa protein (aa 55 to 74) resembles a highly basic, single-stranded DNA (ssDNA)-binding protein from a family of baculovirus ssDNA-binding proteins, with 9 of 24 residues being identical and 13 being either identical or of a similar type. The protein is well conserved in plasmids of the B. cereus group (B. anthracis, B. cereus, and B. thuringiensis), with key residues of both domains being conserved (Fig. 5C ).
The deletion analysis described above could not determine whether the ba082 DNA segment functioned as a DNA target, an mRNA, or a translated polypeptide. To address this, we deleted the pMS12 Bsu36I/NaeI fragment (Fig. 4A) , thereby truncating the putative protein by 11 amino acids while retaining the 67-bp SLS. The stability test demonstrated that the resulting pMS13 plasmid lost stability in comparison with pMS12. This result argues against the 67-bp SLS having a role as a centromere bound by the ORF 69 protein.
DISCUSSION
In the present study, we identified three noncontiguous genes on the pXO1 plasmid that are sufficient for stable maintenance of minipXO1 plasmids created in vivo or recombinant pXO1-derived minireplicon plasmids containing the previously identified replication genes (1) . We named the three corresponding proteins according to their predicted functions in plasmid maintenance: AmsP (activator of maintenance system of pXO1; corresponds to ORF 69), MinP (plasmid-encoded Min protein; corresponds to ORF 82), and SojP (plasmid-encoded Soj; corresponds to ORF 84).
AmsP is similar to the TubY protein, which is a component of the previously described pBtoxis type III PPS (15) . However, the established pXO1 maintenance system did not require the two other pXO1 proteins that correspond to the TubZ and TubR proteins of the pBtoxis PPS. This was evident from the continued stability of the pXO1⌬(85-19) ⌬(26 -68), pMS10, and pMS12 plasmids (Fig. 2 to 4) , in which the TubZ and TubR homologs were deleted. Also, in contrast to pBtoxis, transcription of the amsP gene in pXO1 is oriented in the direction opposite that of the tubZ and tubR homologs, whereas in pBtoxis all three tub genes are within a single operon. The analysis and data described above demonstrated that a classical type III PPS (12) like that in pBtoxis is not sufficient for optimal stability of plasmids, as illustrated by the instability of the pXO1⌬(79 -17) derivative plasmid (Fig. 1) . This led us to search for proteins resembling those in the type I and type II PPSs. We correlated SojP with the ParA protein of the type I PPS because this protein belongs to Walker-type ATPases from the ParA family (http://www .ncbi.nlm.nih.gov; http://prodata.swmed.edu/MESSA/). Also, the gene encoding this protein contains an upstream parS1* sequence similar to parS1 (Fig. 2) . Accordingly, the presence of a DNAbinding motif within the AmsP protein could designate this protein not only as a transcriptional activator but also as an analog of ParB (6) . In this case, we could interpret AmsP and SojP as proteins belonging to the type I PPS.
However, in contrast to the classical type I system represented by a parAB operon, the genes encoding the proteins responsible for the pXO1 partition are split and divided. It was interesting to find two sets of DRs (16 and 17 bp in length) flanking the area dividing ORF 69 (i.e., parB) and ORF 84 (i.e., parA) (Fig. 2C) . Both DR sets could have served as recombinase targets during evolutionary events that disrupted an ancestral parAB operon. Additional evidence for an ancestral parAB operon is the presence of the imperfect centromere parS1* that is located immediately next to the start of ORF 84 (i.e., parA). It is remarkable that a chromosomal parS1 sequence is located at position 218403 to 218418 in the B. anthracis Ames Ancestor, between GBAA_0228 and GBAA_0229, which are transcribed from opposite DNA strands. However, the chromosomal parAB gene cluster is located far away from this area: parA (i.e., soj, GBAA_5730) is at position 7598 to 8359 and parB (i.e., spo0J) is at position 8433 to 9203. An additional parB (i.e., spo0J, GBAA_5729) is upstream of the parA region. The presence of so many discrepancies within a supposed type I PPS suggests that this system may not be active in either pXO1 or chromosomal DNA partitioning.
What kind of plasmid segregation system consistent with the data presented above could explain pXO1 partitioning? Upon accepting AmsP as a transcriptional activator, we concentrated on the MinP (i.e., Min protein) and SojP (i.e., ParA) proteins. These proteins belong to the ParA/MinD family recently described by Lutkenhaus (31) . In accordance with his model, in many bacteria the MinD protein is involved in spatial regulation of the cytokinetic Z ring, and ParA proteins are involved in chromosome and plasmid segregation. The Min system in B. subtilis (the closest to B. anthracis of the well-studied bacterial species) uses the DivIVA protein to recruit the Min proteins. The DivIVA protein forms a ring on either side of the invaginating septum and recruits MinJ, which recruits MinD, which recruits MinC (32, 33) . Both rings maintain their diameter as septation proceeds at the junction of the dividing cells, but once cells separate, the pole takes on a hemispherical shape and DivIVA is remodeled (34) . The Min proteins are eventually released and are able to join DivIVA, assembling at the next incipient division site.
The B. anthracis Ames Ancestor (NCBI reference sequence NC_007530.2) chromosomal DNA encodes all components of this machinery: cell division protein FtsZ (GBAA_4045), the polarity determinant DivIVA (GBAA_1583, indicated as a hypothetical protein), MinC (GBAA_4681, indicated as a septum formation inhibitor), MinD (GBAA_4680, indicated as the septum sitedetermining MinD protein), and GBAA_5412, encoding a protein that has 36% identity and 60% positivity with B. subtilis cell division topological determinant MinJ. It is interesting that DivIVA might interact with the MinJ transmembrane domain and that MinD might interact with the MinJ PDZ domain (32, 33) . In either scenario, the two halves of MinJ could interact with MinD and DivIVA, respectively, to sequester membrane-bound MinD to the poles of the cell (31) .
In considering how these proteins may function in pXO1 partitioning, we suggest that the N-terminal part of MinP is involved in interaction with the rest of the proteins of the Min-DivIVA complex. Theoretically, we can make this suggestion according to MinP and MinD, MinC sequences similarity. Since the C-terminal part of the MinP protein containing the putative ssDNA-binding domain could associate with each strand of the replicating pXO1, it is possible that the two Min-DivIVA rings each distribute a pXO1 copy into the compartments divided by the B. anthracis divisome. The structure and properties of the B. anthracis divisome are unknown, but the B. subtilis divisome can be used as a model of what may exist in B. anthracis (35) .
Structural analysis of the SojP protein using MESSA software (30) showed that SojP is similar to MinD of B. anthracis Ames Ancestor (GBAA_4680) and to MinD of several other bacteria. This is not surprising, because the structures of all MinD and ParA proteins show a high degree of similarity (36) . Consequently, the N-terminal domain of SojP (i.e., parA) could be a part of the Min-DivIVA rings and the C-terminal domain could be used for non-sequence-specific DNA-binding activity for either chromosomal or pXO1 double-stranded DNA (36) .
When pXO1 replication is finished, pXO1-SojP, along with the Min proteins, could be used as a motor to localize Min-DivIVA proteins and pXO1 plasmid copies to the poles of divided cells. The role of SojP could be interpreted as an orphan ParA using nonspecific DNA binding for segregation without involvement of parS and ParB homologs (7) . However, how pXO1-SojP may participate in this localization is unclear. After the cells divide, Min proteins are released and DivIVA is reorganized (31) . A model of pXO1 partitioning, along with B. anthracis cell division, is presented in Fig. 6 . To evaluate the validity of this model, it will be useful to search for MinP interactions with the DivIVA, MinJ, MinD, and MinC proteins forming the rings flanking the divisome and to assess the affinity of MinP for single-stranded pXO1. The detailed description of these interactions demands further study of specific protein-protein and DNA-protein contacts.
